ABSTRACT Turkey pectoral muscles were examined at 15 through 25 d of embryonic age in order to delineate the developmental pattern of proteoglycan expression during skeletal muscle development. Glycosaminoglycan concentration, decorin, and muscle chondroitin sulfate proteoglycan (M-CSPG) levels were measured at each developmental age. Glycosaminoglycan levels rose during the developmental period studied, whereas decorin and M-CSPG levels were initially high at Day 15 and then decreased. The results from this study demonstrate the presence of both decorin and M-CSPG during turkey skeletal muscle development.
INTRODUCTION
The extracellular matrix has been shown to play an essential role in establishing and maintaining complex tissue structures (Hardingham and Fosang, 1992; Adams and Watt, 1993; Iozzo and Murdoch, 1996) . The extracellular matrix may regulate cell behavior directly through its macromolecular composition, interactions with cell surface receptors, interactions of extracellular matrix molecules with growth factors, or interactions involving different classes of extracellular matrix molecules (Adams and Watt, 1993) .
Extracellular matrix collagens provide tensile strength to tissue and have been studied extensively. The proteoglycan component of the extracellular matrix is ubiquitous to all mammalian tissues studied (Heinegård et al., 1985) . The proteoglycans are a diverse family of macromolecules containing a central core protein with at least one covalently attached glycosaminoglycan side chain (Hardingham and Fosang, 1992) . The proteoglycans are essential for normal tissue structure and function. Studies on the proteoglycan aggrecan-deficient mutations nanomelia (Argraves et al., 1991; Velleman and Clark, 1992) and cmd (cartilage matrix deficient) mouse (Kimata et al., 1981) have shown that cartilage collapses in the absence of aggrecan. Although the proteoglycan family of macromolecules are critical to tissue structure and function, there is limited information on the composition of skeletal muscle proteoglycans. Skeletal muscle proteoglycans have been partially analyzed in chicken (Carrino and Caplan, 1982; Fernandez et al., 1991; Carrino et al., 1994) , rabbit (Parthasarthy et al., 1991) , rat (Brandan and Inestrosa, 1987) , and ovine (Velleman et al., 1996a) , but to date there is no reported information on the composition of proteoglycans in turkey skeletal muscle.
Both dermatan sulfate and chondroitin sulfate glycosaminoglycan-containing proteoglycans have been shown to be present in the skeletal muscle of other domestic animals (Fernandez et al., 1991; Carrino et al., 1994; Eggen et al., 1994; Velleman et al., 1996a, b) . These types of proteoglycans are critical in both collagenous and noncollagenous macromolecular interactions, which are important in both tissue architecture and function. Decorin is a chondroitin sulfate or dermatan sulfate proteoglycan that associates with both collagen Type I and II, and has been identified in a number of tissues including skeletal muscle (Eggen et al., 1994) . Histologic and immunoelectron microscopy have shown that the core protein of decorin binds to the d and e bands on the surface of collagen fibrils (Longas and Fleischmajer, 1985; Scott, 1988 Scott, , 1995 Pringle and Dodd, 1990 ) and regulates collagen fibrillogenesis (Vogel et al., 1984; Vogel and Trotter, 1987) , which has a direct impact on the tensile strength of the muscle tissue. As well as being important in muscle structure and function, collagen fibril crosslinking will influence meat tenderness (McCormick, 1994) .
The skeletal muscle chondroitin sulfate proteoglycan, M-CSPG (versican) (Carrino et al., 1994) , is a large aggregating proteoglycan. Proteoglycans like M-CSPG have a high negative charge that will ionically hydrate the extracellular matrix. Hydration is important in the resistance to compressive forces and may also influence the "juiciness" of meat.
In order to investigate the role of proteoglycans in turkey pectoral muscle development in the present study, pectoral muscle glycosaminoglycans, decorin, and M-CSPG levels were determined. Decorin and M-CSPG were studied because of the critical role they may play in determining matrix architecture. Furthermore, Iozzo and Murdoch (1996) have suggested that decorin-like proteoglycans may be a regulator of cell growth.
With proteoglycans being a principal molecule responsible for water organization within a tissue, cell proliferation, and an organizer of collagen fibril structure, the potential for this family of molecules to affect skeletal muscle development and meat quality is significant.
MATERIALS AND METHODS

Animals
The F line turkeys (Nestor, 1977 (Nestor, , 1984 used in this study were from flocks maintained at the Ohio Agricultural Research and Development Center. The turkey F line has been selected for increased 16-wk body weight from a randombred control population.
Glycosaminoglycan Quantification
Approximately 0.5 g of pectoral muscle tissue from F line turkey embryos at 15 through 25 d of embryonic development were ground in a dounce homogenizer 2 in 2 mL of TE (10mM Tris/1mM EDTA pH 8.0) buffer at 4 C. An aliquot of the extract containing 1 mg of protein, as determined by the Bradford (1976) method using bovine albumen as the protein standard, was assayed for glycosaminoglycan concentration by the method of Farndale et al. (1982) . Chondroitin sulfate was the standard used in the glycosaminoglycan assay. Glycosaminoglycan concentrations between development stages were analyzed using the General Linear Models procedure of SAS ® (SAS Institute, 1985) . Means were separated by Students' t test. Differences were considered significant if P < 0.05.
Decorin and M-CSPG Quantification
Aliquots with equivalent amounts of protein were slotblotted according to the method of Velleman (1995) . Protein concentrations ranged from 10 to 60 mg. The antidecorin monoclonal antibody, CB-1 (Lennon et al., 1991) , was used at a dilution of 1:250 or the MY-174 antibody against M-CSPG at a 1:200 dilution. Antibody dilutions were done in a 1% gelatin/1× TBS (20 mM Tris-HCl/500 mM NaCl, pH 7.5) solution and the blots were exposed to the primary antibodies for 2 h at room temperature. The secondary antibody used in these studies was alkaline phosphatase conjugated goat anti-mouse antibody 3 . The blots were incubated with the secondary antibody for 2 h at a 1:3,000 dilution in 1% gelatin in 1× TBS. Sigma BCIP/ NBT (5-bromo-4-chloro-3-indolyl-phosphate/nitroblue tetrazolium) tablets were used for color development. After air drying, the blots were scanned and quantified for average reflective density using a densitometer (PDI Quantity One 4 ). Average reflective densities were determined after the blot background was subtracted.
RESULTS
Glycosaminoglycan Analysis
Pectoral muscle glycosaminoglycan levels were measured in F line birds between 15 and 25 d of embryonic development (Figure 1 ). At 15 through 20 d of embryonic development there was no significant difference (P < 0.05) in glycosaminoglycan levels. The levels of glycosaminoglycans at 21 through 24 d of development was significantly higher than those levels detected at 15 through 20 d of development (P < 0.05). Glycosaminoglycans levels at 25 d were significantly higher than those observed at the other developmental ages (P < 0.05). 
Identification and Quantification of Decorin and M-CSPG
DISCUSSION
The present study represents the first reported research to the authors' knowledge on the identification of proteoglycans during turkey skeletal muscle embryonic development. The results from this investigation are suggestive of differences between turkey and chicken skeletal muscle development. Glycosaminoglycan levels in the embryonic turkey skeletal muscle was similar during the period of 15 to 20 d, increased in the period of 21 to 24 d, and became highest at 25 d. During chicken embryonic pectoral muscle development, glycosaminoglycan levels are initially high and continuously decrease to very low levels just preceding hatch (Velleman et al., 1996b) . The glycosaminoglycan profile obtained for turkey skeletal muscle development is opposite of that observed in chicken.
Both decorin and M-CSPG levels are elevated at 15 d of development and then decrease. Similar to turkey embryonic skeletal muscle, the synthesis of chicken decorin (Birk et al., 1995; Velleman et al., 1996b) and M-CSPG , 1986 Fernandez et al., 1991) proteoglycans decreases with development.
During skeletal muscle development, proteoglycan gene expression is dynamic. As embryonic development proceeds, in chicken skeletal muscle, there is a shift from a chondroitin sulfate-rich matrix into one that contains chondroitin sulfate, dermatan sulfate, and heparan sulfate proteoglycans (Young et al., 1989) .
Previous investigations on chick limb bud development have shown that the connective tissue component controls the pattern of muscle splitting (Chevalier et al., 1977; Mauger and Kieny, 1980) . Yamaguchi and Ruoslahti (1988) in a study of Chinese hamster ovary cells showed that the expression of decorin was associated with a flattened cell morphology. This effect of decorin may be important in muscle pattern formation. Birk et al. (1995) , during chicken tendon development, demonstrated that decreases in the levels of decorin prior to hatching are necessary for collagen fibril elongation and tissue maturation. This property of decorin is important in developing the appropriate strength and elasticity of muscle. The large chondroitin sulfate proteoglycan, M-CSPG (versican), which is predominant early in development, may play a role in the hydration of the skeletal muscle tissue and spacing of muscle fibers.
Although not examined in the present investigation, the increase in glycosaminoglycan concentration is most likely due to an increase in the concentration of heparan sulfate proteoglycans. The heparan sulfate proteoglycan, perlecan, is important in the formation of the basement membrane (Noonan et al., 1991) . During the phase of tissue growth, basement membranes are synthesized. With the turkey needing to develop a large structure, it would not be surprising to find a large amount of basement membrane formation taking place during embryonic development and, hence, heparan sulfate proteoglycan synthesis. This interpretation is supported by a recent study on ovine skeletal muscle proteoglycans (Velleman et al., 1996a) , which demonstrated that heparan sulfate proteoglycans were the predominant type of proteoglycan during Longissimus dorsi and Biceps femoris muscle development.
Although much has been learned about the myogenic pathway of differentiation, it is apparent that there are differences between species. The interaction between embryonic myoblasts and the extracellular matrix is critical for normal muscle growth and development. In this study, we have identified both decorin and M-CSPG. The identification of these proteoglycans and determining changes in their expression during development is critical because extracellular matrix composition regulates cell proliferation, cell morphology, and matrix architecture. These are all properties necessary for skeletal muscle differentiation and development. Henceforth, to fully understand how the turkey skeletal muscle extracellular matrix influences muscle development requires the identification and determination of the developmental expression of these molecules.
